Thickness-dilation vibration, where the polarizing axis is at 90 to the electrodes, is the most commonly used mode of vibration in commercial filters. Filters using thickness-vibration modes have a practical upper frequency limitation which is imposed because it is difficult to machine plates thinner than a half wave-length. By making use of the harmonics of the basic vibration frequency it is possible to produce a filter with a centre frequency in the order of tens of megahertz. Thickness-twist mode vibration is theoretically simpler than thickness vibration in the dilation mode and there are no other vibration modes connected with it. Applications of the thickness-twist mode are, however, more limited than the thickness-dilation mode due to a narrower frequency range caused by a small frequency constant and also a high polarizing voltage required during in manufacture. These filters can be used in the frequency range to 5 MHz.
The conventional method of making ceramic filters for lower frequencies is to connect single resonators in lattice or ladder networks. Thicknessmode filters are usually constructed in monolithic form by placing more than one resonator on a single plate. This results in a reduction in weight, cost and size and also gives higher reliability. Monolithic filters are based on creating two or more resonances in a single resonator. This also makes it possible to avoid transformers which, in the case of conventional filters, are often required. The creation of more than one resonance is based on the energy trapping phenomenon. By making use of this phenomenon it is possible to form the required number of resonances and also to limit the vibration energy to the area near the electrodes, which is important in the realization of more complicated constructions.
In order to assist the design of ceramic filter operation in the thickness-twist mode, the effect of trapped filter parameters on the filter response has been examined by applying equivalent circuits to the basic element of monolithic filters. Figure 4b .
MATHEMATICAL MODELS OF THICKNESS
The basic element of a monolithic filter is shown in Figure 5 . 5 The basic element of a monolithic filter, the standing wave corresponding to a symmetric and antisymmetric resonance and the equivalent circuit of the filter.
The Onoe Model
The basic element of a monolithic filter can be In the equations eo is the vacuum permittivity and e the relative permittivity of the ceramic material. 
Computer Program
The resonant frequencies and the corresponding inductances were calculated from the previous equation with the help of a Fortran program which was based on a stepping method. The program gave the resonant frequencies and inductances and the required width of the electrodes, the distance between them and the constant, a, as input data. has a value which allows two resonances to exist. Figure 10 shows the filter response as the distance between the upper electrodes is varied. It can be seen that the passband width, the ripple and the linearity of the phase response are all dependent on the distance d. The Q-factor of the filter affects the height of the resonances, the attenuation, the passband ripple and the phase linearity (Figure 11 ). The character of the phase response can be seen on the group-delay plot.
The magnitude of the Q-factor depends on the ceramic material used and can also be effected if covered with an energy absorbing material which is necessary in order to reduce spurious responses in the resonator. It is therefore possible only to estimate the Q-factor of the final filter at the design stage. The shifting of the dominant poles of the transfer function in the s-plane, as the load impedance changes, is shown in Figure 12 . As the load resistance decreases, the poles move closer to the imaginary axis and their real parts become almost equal ( Figure 13 ). This means that the amplitude response tends to become more symmetrical, the phase response becomes nonlinear, the resonant peaks become sharper and the passband attenuation (Figure 14 ).
Experimental Results
In order to test the calculated results a number of filters were constructed from a commercially (Table I ). The electrodes were prepared by etching an evaporated layer. Table II shows the measured resonant frequencies of the filters compared with those of the corresponding calculated values. The resulting differences can be explained by inaccuracies in measuring the thickness of the ceramic plate and in determining the resonant frequencies. Figure 16 , are the corresponding measured responses. When calculating these curves, a correcting factor of 0.25 has to be used for the value of load conductance. Since the curves correspond so well to each other it is possible to conclude that the equivalent circuits and the results that were achieved from them can be considered reliable. Figure 18 was constructed that confirms the reliability of this method. 
